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Abstract

Direct measurement of the coherence time of a high-intensity laser beam (600ps, 10"
W.cm?) after plasma propagation is achieved using a Michelson interferometer. Through
plasma of interest for indirect-drive fusion (0.1xn, 1 mm long), a large decrease of the
coherence time is observed, from 100 ps to ~10 ps, induced by the interaction between the
intense beamand the plasma. This decrease is even stronger as the light is scattered at larger
angles from the initial beam angular distribution and as the plasma density is increased. The
results coincide with trends observed in recent numerical simulations.

1 Introduction

For nearly two decades, much effort has been devoted to smooth out the far-field intensity
distribution of the high-power lasers that are used for inertial confinement fusion (ICF)
studies. To achieve such smoothing, several optical techniques to reduce the temporal and
spatial coherence of the laser beams (random phase plates or RPP [1], smoothing by spectral
dispersion or SSD [2], polarization smoothing [3], etc.) have been developed and
implemented on the major ICF facilities [4]. The aim is to minimize, in time and space, the
existence of undesirable hot spots that otherwise would be unavoidable due to the strong
aberrations induced by high amplification of laser beams. Indeed, as these hot spots have
intensities much higher than the average intensity, they have detrimental effects in laser-
plasma interactions such as breaking the stringent irradiation uniformity required in ICF [5].
They also favor the growth of parametric instabilities and self-focus [6], leading to the
reflection/scattering of a significant portion of the incoming laser light and further reducing
the focal spot uniformity.

However, recent theoretical [7-9] and experimental [10-11] studies have shown that the
coupling of the laser beams with the plasma along the propagation could strongly modify the
coherence properties of the input laser. The underlying physics includes the resonant
instability of individual filaments [8] that produces (i) self-phase modulation and spectral
broadening through the fast density decrease within the filaments and (ii) a broad spectrum of
scattered EM waves. This instability can trigger and enhance the non-linear coupling between
self-focusing and forward stimulated Brillouin scattering [7] which in turn also broadens the
scattered waves spectrum and sprays the energy at larger angles. Such induced incoherence
has to be integrated in the predictive models for the NIF and LMJ performances as, on the
one hand, it may angularly redistribute the energy and affect the irradiation symmetry but on
the other hand, by reducing the coherence time and the speckle length [9], it may lower the
growth of the parametric instabilities.



In this context, it is particularly important to quantify the effect of this induced smoothing
as a function of the initial laser parameters. This is what we experimentally achieve by direct
measurements of the laser coherence time in the output of the plasma. We show that it is
strongly reduced and that such reduction depends on the laser initial intensity, plasma density
and the angle at which the energy is scattered forward.

2 Experimental set-up and plasma conditions
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The A=1.053 um wavelength interaction beam is focused, through a 2 mm element RPP,
with a f/6 optic along the principal axis of plasma expansion and delayed by 1.6 ns with
respect to the plasma formation pulses. The focal spot diameter (at FWHM) is 320 um,
producing a peak average intensity of <I,>~1 in units of 10" W/cm’.

Plasma characterization has been extensively reported elsewhere [12]. Briefly, electron
temperatures range between 0.5 and 0.7 keV during the interaction pulse. The electron
density at the peak of the plasma profile decreases exponentially in time n,,(t)/n~0.13 exp(-
t[ps)/530) where n, = 1.1x10”' cm® is the critical electron density for A = 1.053 pm light and
t=0 corresponding to the top of the interaction pulse. The typical scalelength of the inverse
parabolic profile of the plasma is 700 um. By lowering the energy of the plasma-formation
beams, we also perform experiments using plasmas with a higher density, namely
n,, (t=0)~0.6xn,.

The forward scattered light of the interaction beam is collected into two cones, one on-axis
(having twice the aperture of the incident beam), one off-axis. This enables to study the
coherence properties of the transmitted light from —10 ° to +27 °© from the axis of the incident
interaction beam. For this purpose, several diagnostic stations are used.

For the direct measurement of the coherence time of the forward scattered light, the near-
field in the collecting optics’ plane is image-relayed onto the mirrors of a Michelson
interferometer. The interferometer is set in an air-wedge configuration so as to produce a
pattern of straight parallel fringes, localized on the mirrors’ plane, over the whole field. This
pattern is then imaged onto a streak camera whose slit (perpendicular to the fringes) selects
only a part of the near-field. As each point in the near-field corresponds to a certain scattering
angle, the slit position within the near-field image defines the angular range over which the
coherence measurement is made. If the two arms of the interferometer are of equal length, the



two replicas of the pulse superimpose perfectly in time and perfect fringes should be
observed at any time during the pulse evolution. However, if one arm is translated and a
delay At is introduced between the two replicas, the fringes can become blurred if, during the
pulse evolution, the light at time t is no more coherent with the light at time t+At. By
scanning the delays, and by streaking the interference pattern for each delay, we can thus
measure the coherence time of each moment within the temporal evolution of the pulse.

Complementarily, we measure the time-resolved spectra of the forward scattered light
with spectral and temporal resolutions of 2 A and 150 ps respectively. This is done within the
same angles as the ones used for the previous diagnostic, by imaging the transmitted far-field
onto a spectrometer coupled to a streak camera. Moreover, insight into the correlated spatial
coherence loss of the forward scattered light is obtained using 2D imaging of either the far-
field or the near-field in the output of the plasma.

3 Results

3.1 Incident laser’s temporal coherence

In order to be able to determine the
influence of the propagation through the
plasma on the temporal coherence of the
laser, we first have to measure what the
coherence time of the input laser is. This is
achieved using the diagnostic station
described above within the incident cone
of the interaction beam and through
vacuum. As shown in Fig.2.a, when the
two arms of the Michelson interferometer
are equal, we observe a fringe pattern with
a good contrast C~0.9 (as defined by [I_ -
1) [L,+I..]), constant over the entire
pulse duration (the temporal resolution of
the diagnostic is ~30 ps). When we delay
one replica within the interferometer by
At=20 ps (cf. Fig.2.b), we still observe
clear fringes but with a slightly lower
contrast. However, when the delay is
increased to 100 ps, we observe in Fig.2.c
that the fringes start to be blurred with a
contrast near half of its value at At=0,
meaning that the coherence time of the
incident laser is more than 100 ps if we

define, in the usual way, this value as the
one at which C=0.5xC(At=0). Note that the
coherence time is the same from the
beginning to the end of the pulse since the
fringes’ contrast remains constant during
the pulse evolution.
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Fig.2: Measurement of the incident
laser’s coherence time. (a) Time-resolved
fringe pattern within the incident cone at
At=0 - vacuum shot, (b) same but with
At=20 ps, (c) same but with At=100 ps.
The value of the pattern’s contrast (C),
constant during the pulse evolution, is
given at the bottom of each image.

3.2 Modification of the temporal coherence after propagation through the plasma

When this beam is propagated at high-intensity (<I,>~1) through the ~0.1xn, ~1 mm
long plasma, its coherence time is greatly reduced, as shown in Fig.3. Here we select light
that is scattered outside the incident cone, at 7+0.2°. Such scattering is due to the decrease of
the spatial coherence, that was already observed in these conditions [11], which is evidenced
by (i) the beam spreading at large angles and (ii) the spatial reduction of the filaments’ size in
the 2D images of the near-field. For At=2 ps (cf. Fig.3.a), we observe very clear fringes with
a good constant contrast (note that the fine structure within the dark fringes corresponds to
spatial structures within the near-field scattered light and not to an interference effect).
Strikingly, as soon as At=10 ps (cf. Fig.3.b), we observe that the fringes, which are still clear
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at the beginning of the pulse, are blurred around the temporal peak of the pulse and recover a
good contrast only by the end of the pulse. This is clearly seen in the plot below Fig.3.b
where the contrast of the fringes for the same image is measured as a function of time. This
suggests that the blurring, or the temporal incoherence, is triggered by the high intensity part
of the pulse since the low-intensity parts still keep a good fringe contrast. If we further
increase the delay between the two replicas (cf. Fig.3.c), we see that the blurring is complete
at the peak of the pulse. From these images, it is obvious that the coherence time of the laser
is significantly modified by the propagation through the long, moderately dense plasma.
More precisely, it decreases from more than 100 ps initially to less than 10 ps after plasma
propagation.
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appears, on the red side of the incident -1Reel Lt

wavelength, around the peak of the pulse
and slowly decreases in time to reduce to
the incident linewidth by the end of the
pulse, in agreement with what was
observed previously [11]. Such spectral
broadening is in excellent agreement with
the direct measurement of the coherence
time. Indeed the latter can be calculated
[13] as t=A/cAA (AL being the FWHM
spectral width). Here, as we measure
AM~5 A at the peak of the pulse, we get
T~7 ps.

Fig.3: (a) time-resolved fringe pattern
in the output of the Michelson
interferometer after propagation at high-
intensity (I,~1) through a ~0.In/1 -mm
plasma and with a delay At=2 ps between
the two replicas. Here C~0.5 during all
the pulse. (b) same with At=10 ps. At the
bottom of the image, the evolution of the
contrast (dots) during the pulse (dashed
line) is given. (c) same with At=20 ps.
Here, at the peak of the incident pulse,
C~0.15.

3.3 Dependence of the temporal coherence loss on the beam intensity, scattering angle

and plasma density

In order to further confirm that the
strong reduction of the coherence time of
the laser is induced by the high intensity
part within the laser pulse, we perform
complementary measurements, in similar
conditions as before and at At=10 ps, by
lowering progressively the incident laser
intensity. As observed in Fig4, it is
obvious that we finally recover clear
fringes when the intensity is low enough.

<I>~ 104 Wicm? <I>~ 10% W/iem? <I>~ 10" W/em?

(b)

Time (ps)

Fig.4: Fringe pattern measured in the
same conditions as in Fig.3 but for
varying incident intensity, namely <I,>=1
in(a), 0.1 in (b) and 0.001 in (c).

To get more insight into the main physics involved in this process, we perform similar
measurements but for light scattered at different angles. We observe that within the incident
cone, the coherence time is longer (~15 ps) than the one slightly outside the cone that is
shown in Fig.3. However, when we analyze the light scattered far outside the incident cone,
at around 22°, the coherence time is then strongly reduced to ~5 ps. Consistently, we observe
that the spectrum of the light scattered at larger angles is also broader. It is interesting to note
that this experimental trend is in concordance with what is observed in numerical simulations
performed in close conditions [9]. The induced temporal incoherence is also favored by



increasing the plasma density. When the density at the peak of the pulse goes from ~0.1xn, to
~0.6xn,, the fringe pattern at At=10 ps starts blurring sooner and has a lower contrast than
what can be seen in Fig.3.b. This is also consistent with the spectra recorded at high density.
Indeed, here the red-shifted wing in the spectrum appears as soon as the pulse begins and
stays on for the whole pulse duration. This behavior can be understood this way: when the
plasma density is higher, the intensity needed to trigger the induced incoherence becomes
lower, thus allowing the low-intensity parts of the pulse to have their coherence time reduced
just like the high-intensity parts.

4 Summary

By direct meastirement of the coherence time we have shown that the temporal coherence
of a high-intensity laser beam is strongly reduced by propagation through a plasma whose
parameters are of interest for indirect-drive ICF. The level of resulting temporal decorrelation
is comparable with what can be achieved by SSD. This reduction is a non-linear phenomenon
with a low threshold in intensity and increases with (i) the angle at which the energy is
scattered forward and (ii) the plasma density. Obviously, such effect has to be taken into
account in the smoothing strategies that will be implemented for the NIF or LMJ facilities.
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